Summary In a series of 882 retinoblastoma patients, 384 known to have the genetic form of the disease and 498 others, 30 patients developed second primary neoplasms. The spectrum of these second neoplasms is discussed in relation to the forms of treatment used for the retinoblastoma. Cumulative incidence rates of second tumours in the whole series are 2.0% at 12 years after diagnosis and 4.2% after 18 years. For patients with the genetic form of retinoblastoma the cumulative incidence rate after 18 years is 8.4% for all second neoplasms and 6.0% for osteosarcomas alone. The inherent risk among survivors from genetic retinoblastoma of developing an osteosarcoma, excluding all possible effects of treatment, is estimated to be 2.2% after 18 years. Within the field of radiation treatment the cumulative incidence rate for all second neoplasms after 18 years is 6.6% and for osteosarcomas alone 3.7%. There is some evidence that patients with genetic retinoblastoma are particularly sensitive to the carcinogenic effects of radiation. The results also suggest that the use of cyclophosphamide may increase the risk of second primary neoplasms in patients with genetic retinoblastoma. The incidence rates of second primary neoplasms in retinoblastoma survivors reported here are lower than those quoted for previously published series. Evidence from this and other papers strongly suggests an association between retinoblastoma and malignant melanoma.
Retinoblastoma is a rare childhood tumour which can occur either unilaterally or bilaterally, and which may be either familial or sporadic. Cases known to be familial, and those with bilateral disease, usually show a pattern of inheritance consistent with the view that the occurrence of the tumour is attributable to a dominant autosomal gene with a penetrance of around 90%. We shall refer to familial and bilateral cases as 'genetic'.
Patients who survive genetic retinoblastoma have a substantial risk of developing osteosarcoma, probably soft tissue sarcomas and possibly other types of neoplasm. Reese et al. (1949) reported two second tumours following treatment of 55 cases of bilateral retinoblastoma with combined radiation and surgery, and the high risk of second malignant neoplasms in retinoblastoma survivors has subsequently been well documented (Aherne, 1974; Abramson et al., 1976; Meadows et al., 1980; . These second primary neoplasms can often be attributed to radiotherapy but many cases have been reported of second tumours occurring outside the field of radiation treatment (Aherne, 1974; Abramson et al., 1976) , and, in some instances, where no radiotherapy had been given (Abramson et al., 1979) . It has been suggested that patients with genetic retinoblastoma are particularly susceptible to the carcinogenic effects of radiation, but there appears to be no direct quantitative assessment of this apparent susceptibility. Indeed little information is available on the actual magnitude of the risk of second primary tumours among retinoblastoma survivors.
Patients with the non-genetic form of the disease do not appear to have a particularly high risk of second neoplasms.
The association of other cancers with genetic retinoblastoma can be manifested in ways other than the increased risk to the survivors of developing a second tumour. These may include an increased risk of osteosarcoma in apparently unaffected gene carriers (Gordon, 1974; Francois, 1977a) , and a generally increased risk of cancer in relatives of patients with retinoblastoma (Gordon, 1974; Bonaiti-Pellie & Briaid-Guillemot, 1980; Fedrick & Baldwin, 1978; Strong et al., 1984) .
The development of ectopic intracranial retinoblastoma, thought possibly to arise in cells of photoreceptor origin outside the retina, has been reported by Bader et al. (1982) and has been described as 'trilateral retinoblastoma'.
A chromosomal deletion associated with retinoblastoma was originally reported by Lele et al. (1963) . It has since been shown that such cases involve a deletion located on band q14 of chromosome 13 and are sometimes associated with congenital abnormality and mental defect. Published cases were reviewed by Vogel (1979) and many further reports have since appeared. Knudson (1978) suggested that retinoblastoma occurs as a result of two mutational events in homologous genes on each of a pair of chromosomes (i.e. that at the cell level it is a recessive condition) and that in the genetic form of the disease the first of these mutations is inherited. He also suggested that the mutations leading to retinoblastoma involved chromosome 13, and might create an 'immortal' cell line which continued to divide rather than differentiating. Murphree and Benedict (1984) suggested that the dominant allele of the retinoblastoma gene is a 'suppressor' or regulating gene, in the absence of which a retinoblastoma can occur, and considered possible mechanisms by which homozygosity or hemizygosity of the recessive allele might arise at the cell level.
In this paper we analyse the incidence rate of second primary tumours among retinoblastoma patients treated in Britain mainly between 1950 and 1977, particularly in relation to treatment and to whether the patient had the genetic or non-genetic form of the disease. We have also used these data together with those from some additional patients with double primary tumours to study the patterns of occurrence of second tumours and to draw a number of more qualitative conclusions.
Materials and methods
The analysis presented here is based on records of children with retinoblastoma obtained from cancer registries and hospitals in England, Scotland and Wales. For the years 1962-1977 all cases notified to the National Cancer Registration Scheme have been included. For earlier years we have included only three-year survivors from retinoblastoma ascertained at certain hospitals and cancer registries. We shall refer to the 882 patients in these two groups as the 'follow-up' series.
Information about the age of the child at diagnosis of the retinoblastoma, whether the tumour was unilateral or bilateral, whether there was any known family history, methods of treatment and other details were obtained through cancer registries, hospitals and general practitioners.
Follow-up information was obtained both by writing to general practitioners and hospitals and through national record systems. In this way an 'effective follow-up' date was defined for each patient; we are confident that all or virtually all of the deaths or second primary tumours occurring before this date will have been identified. The effective follow-up date, or date of second primary tumour or death, if earlier, has been used as a 'cutoff' or 'censoring' date in the analyses described below.
By these methods a total of 30 second primary tumours were ascertained.
Nine further cases of retinoblastoma followed by a second primary tumour, but not included in the follow-up series, have been ascertained in other ways: among children who were included in a national survey of childhood cancer deaths there were three who died of osteosarcoma having previously been treated for retinoblastoma; a further six patients were ascertained through the records of their children who had themselves also had retinoblastoma.
For each of the double primary tumours the histological reports, or, wherever possible, the original slides, have been reviewed.
We have classified children with bilateral retinoblastoma and those for whom there is a known family history as 'genetic' cases and the remainder as 'non-genetic'. It is to be expected that some of those classified as non-genetic will in fact be unilateral cases with genetic retinoblastoma who have been wrongly classified because we have no record of a family history.
The treatment details recorded included the type of radiotherapy used and, for external beam radiotherapy, the tumour dose for each eye. For patients given chemotherapy the names of all drugs used were also recorded. Chemotherapy was sometimes given as palliative treatment for patients with metastases or whose retinoblastoma was at an advanced stage. In this series there were no survivors after extra-ocular recurrence of retinoblastoma. Table I gives information about the 30 retinoblastoma survivors in the follow-up series who were discovered to have developed a second tumour. This table and the subsequent analyses of second primary tumours include all malignant neoplasms and all neoplasms of the brain and CNS occurring among the survivors, except for certain tumours of the pineal and suprasellar regions -so-called trilateral retinoblastoma. Table II shows the nine other retinoblastoma survivors developing second tumours but not included in the follow-up series.
Results
A total of 268 patients were identified before 1962 of whom 131 (49%) had the genetic form of retinoblastoma, and 614 were identified from 1962 to 1977 of whom 253 (41%) had the genetic form of the disease. The rather high proportion of genetic cases in the earlier period is accounted for by the fact that some of these cases were identified through centres specialising in the treatment of retinoblastoma. The numbers of patients in each category and the forms of treatment used, together with the numbers of second tumours, are set out in Table III. Six further patients who survived their initial treatment for retinoblastoma developed tumours in the pineal and suprasellar regions, after intervals of between two and six years. All of these children had retinoblastoma in both eyes. The histology of these 'trilateral' tumours is indistinguishable from retinoblastoma; the tumours have therefore been regarded as similar to bilateral retinoblastoma and have not been included in our series of second primary tumours. They are included in a paper on ectopic intracranial retinoblastoma (Kingston et al., 1985) .
Second tumour type and possible association with treatment Osteosarcoma It is well known that this is the most common type of second tumour following retinoblastoma. In the present series, osteosarcomas developed in 21 retinoblastoma survivors: eight were sited within the field of radiation and three patients had additionally been given cyclophosphamide. The other 13 patients all developed osteosarcomas in the leg and five had been given cyclophosphamide.
Soft tissue sarcomas Six patients developed second tumours of this type, only two could be attributed to radiotherapy given for retinoblastoma. One patient was also treated with cyclophosphamide.
Brain tumours All three patients who developed second neoplasms in the brain had been treated with radiation, one had also been given cyclophosphamide.
Leukaemia One patient had received radiotherapy to both orbits and developed acute lymphatic leukaemia within three years of his initial tumour.
Melanoma One patient developed a melanoma within the radiation field seventeen years after treatment for retinoblastoma; the second patient whose melanoma developed after an interval of nearly 30 years had not received radiotherapy.
Other epithelial tumours These tumours developed after a much longer interval than most of the other second neoplasms; none of them could be attributed to radiation treatment. One patient developed three separate neoplasms after retinoblastoma; only the first of these tumours, an adenocarcinoma of the cervix, has been included in the analysis.
In the total of 39 patients included in Tables I  and II, 27 received radiation treatment for their retinoblastoma. Fifteen of the second tumours developed within the field of this radiation and it is assumed that radiation is involved in their causation. Cyclophosphamide was included in the treatment of ten of the patients: the possible importance of this as a carcinogenic factor is discussed later.
Calculation of incidence rates of second primary tumours
In this and the following sections we give the results of analyses of actuarially calculated cumulative incidence rates of second tumours for the 882 patients in the follow-up series. The method used, which allows for varying lengths of follow-up for the patients included in the series, is that of Peto et al. (1976 Peto et al. ( , 1977 , normally used for the analysis of survival data: in the present context 'survival' is interpreted as survival free of a second tumour.
For all cases taken together the incidence of second primary tumours is estimated to be 2.0% at 12 years after diagnosis and 4.2% after 18 years. However such overall rates do not mean very much, and cannot, for instance, be used to compare different series because they depend on the proportions of genetic and non-genetic cases and on the number of patients given radiotherapy. These, and possibly other factors, will affect the chance that a second tumour will develop.
Second primary tumours occurring among the genetic cases in the follow-up series Most of the second tumours in the follow-up series, 26 out of 30 cases, occurred among the 384 genetic cases, 25 in patients with bilateral tumours and the remaining one in a patient with a known family history of retinoblastoma. Actuarially calculated cumulative incidence rates at 12 and 18 years after the initial diagnosis are presented in Table IV. (Cases 6 and 7 in Table I are included in Table IV but for these patients the second tumours occurred after the date which defined the period of follow-up and they are therefore excluded from all analyses of incidence rates.) At 18 years after diagnosis the estimated rate of second primary tumours is 8.4%; for osteosarcomas alone the corresponding rate is 6.0%.
Tumours outside the radiation field As shown in Table IV For tumours inside the field of radiation the contrast between the rates for genetic and nongenetic cases is also striking: the only such tumour in the 100 patients with non-genetic retinoblastoma given radiotherapy, a meningioma of the brain, occurred 31 years after treatment; the estimated rates for the patients with genetic retinoblastoma are 3.4% at 12 years and 6.6% at 18 years.
Ideally the analysis of radiation-induced second tumours should take account of the dose and type of radiotherapy, and in a subsequent study we propose to carry out such an analysis. In the treatment of patients reported here several different forms of implant as well as external beam radiotherapy were used; for the latter the doses ranged from 12 to 75 Gy, though the majority were in the range 35-40Gy. For the present paper we have simply re-analysed the data on the occurrence of second primaries in the field of radiation taking into account the number of eyes irradiated rather than the number of patients, and calculating tumour rates per 100 eyes irradiated. For patients with genetic retinoblastoma a total of 380 eyes were irradiated and 14 tumours were observed within the field of radiation; the cumulative rates of occurrence of such tumours are 2.9% after 12 years and 5.7% after 18 years. These rates are less than those quoted for the incidence rates in terms of numbers of patients because the number of eyes irradiated is greater than the number of patients. For the 100 patients with non-genetic retinoblastoma (always unilateral) no second primaries were observed within the field of radiation in the 18 years after diagnosis. These results suggest that patients with the genetic form of retinoblastoma may be more susceptible to the induction of second tumours by radiation, though we have not taken into account differences in radiation doses between genetic and non-genetic cases.
The effects of chemotherapy are discussed in the next section. Chemotherapy was used for a greater proportion of genetic than of non-genetic cases but this does not appear to account for the higher incidence of second primaries in the genetic cases.
Effect of chemotherapy Ninety patients received cyclophosphamide as part of their initial treatment for retinoblastoma, sometimes in combination with other drugs. Ten of these patients developed second primary tumours, eight osteosarcomas, one fibrosarcoma and one glioblastoma. Sixteen patients received other forms of chemotherapy and none of these developed a second tumour.
The majority of the patients who received chemotherapy were genetic cases who also received radiotherapy; chemotherapy was seldom used before 1962 and our records for earlier years are incomplete. We have therefore restricted the detailed analysis of the possible risks associated with chemotherapy to patients with the genetic form of retinoblastoma treated from 1962 onwards. Table V shows the second neoplasm rates for patients with genetic retinoblastoma treated in the years 1962-1977: the patients treated with chemotherapy are compared with those who received none with respect to (a) all neoplasms occurring among patients given radiotherapy, (b) all neoplasms among those not given radiotherapy, (c) neoplasms in the radiation field, and (d) neoplasms outside the radiation field. For each of these comparisons the incidence of second primary tumours is greater among patients given chemotherapy than among those not given it, though of course the second neoplasms in (a) and (b) are the same as those in (c) and (d). The estimated incidence rates 12 years after diagnosis for tumours inside the field of radiation are 4.2% for patients given chemotherapy in addition to radiation and 2.9% for patients not given chemotherapy. The rates for tumours outside the field of radiation (and including also patients who were not irradiated at all) are 4.6% and 1.0% respectively for patients with and without chemotherapy. At 18 years after diagnosis the contrasts are even more striking. For tumours inside the field an analysis taking into account the numbers of eyes irradiated yields similar results. For reasons given above, and in particular the fact that patients who received chemotherapy were also more likely to have had repeated courses of radiotherapy which might have been responsible for the higher incidence of second primaries in this group, it is difficult to assess the statistical significance of the findings. The overall difference in the incidence of second primaries for patients with and without chemotherapy is, however, formally significant (P<0.05, one-tailed test) after allowing simply for whether any form of radiotherapy was used, and it appears that there is a strong prima facie case for believing that chemotherapy is implicated in the induction of second primary tumours in these patients. The finding of an increased incidence of second primary tumours outside the field of radiation in patients treated with chemotherapy is strengthened by the observation of two further chemotherapy-associated cases (numbers 6 and 7 in Table I ) occurring after the date of last follow-up used for the analysis of incidence rates (these cases are included in the counts of cases in the tables, but excluded from the calculation of incidence rates). The results reported here relate only to cyclophosphamide, and it is not possible to say whether they apply to chemotherapy generally.
Discussion
The susceptibility ofpatients with genetic retinoblastoma to the induction of second tumours It has been suggested that patients with the genetic form of retinoblastoma may have an increased susceptibility to the induction of second tumours by radiation. This hypothesis is extremely difficult to test since other individuals exposed to radiation differ from retinoblastoma patients in respect of the doses received, the area irradiated and the type of tissue exposed. Strong (1977) suggested that differences between induction times for radiogenic sarcomas in retinoblastoma patients and others exposed to radiation provided some evidence of increased susceptibility, and, specifically, that this predisposition might be due to the fact that the retinoblastoma patients had already inherited the first mutational event. Weischelbaum et al. (1977) reported an increased sensitivity (in terms of cell survival) to X-radiation of fibroblasts from a patient with a 13q-deletion. Subsequent papers have given apparently conflicting results; the laboratory evidence has been reviewed by Morten (1986) . The most direct test of the hypothesis is to compare patients with the genetic and non-genetic forms of reinoblastoma treated by irradiation. In the present series the rate of second tumours among the eyes of patients with genetic retinoblastoma is greater than the rate among the eyes for the nongenetic patients. It is obviously important that other large series should be analysed in the same way.
Second primary tumours observed in other series Osteosarcoma Numerous osteosarcomas have been reported following genetic retinoblastoma. This is certainly the most common type of second primary and occurs in the 20 years following the diagnosis of retinoblastoma at a rate hundreds of times greater than that in the general population. These tumours occur both as a result of, and independently of, radiation.
Soft tissue sarcomas It seems likely that retinoblastoma patients are also at an increased risk of developing other forms of sarcoma, but these are much less common than osteosarcoma. In addition to the six patients mentioned in this paper, previously reported cases have included fibrosarcoma and rhabdomyosarcoma.
Brain tumours If we exclude ectopic intracranial retinoblastomas which have been discussed above we have been able to find a published report of only two other brain tumours following retinoblastoma (Jensen & Miller, 1971 (Magnasco et al., 1967; Hoefnagel et al., 1973; Francois, 1977b; Tefft et al., 1968; White et al., 1985) . Two of these had received no radiation treatment for their first tumours, the other three had been given radiotherapy, two in conjunction with chemotherapy.
Melanoma In addition to the two patients presented here there have been reports of at least ten cases of melanoma following retinoblastoma (Meadows et al., 1985; Abramson et al., 1984; Tefft et al., 1968) . For these published cases the melanomas developed either in patients who had not been irradiated or outside the field of radiation. It is possible that some of the reports quoted here refer to the same cases but, with this caveat, there appears to be strong evidence for an association between retinoblastoma and malignant melanoma.
Other epithelial tumours Six other cases of epithelial tumours occurred in the present series. They, like the great majority of cases in the population in general, occurred in adult life and it is difficult to say whether retinoblastoma survivors have an increased incidence of such tumours. Nuutinen et al., (1982) have reviewed reports of 15 epithelial tumours (including 3 melanomas) occurring in retinoblastoma survivors. The interval between the diagnoses of retinoblastoma and the subsequent epithelial tumours varied between 9 and 37 years.
Previous estimates of the incidence of second primary tumours in retinoblastoma survivors Although the increased risk of second primary tumours among survivors of the genetic form of retinoblastoma is well recognised, none of the previously published reports permits direct comparison with the results given here. There are many reports of individual cases or small groups of cases but there are only two or three previously published large series for which estimates of risk can be made. These estimates must be interpreted with some caution since they may be expected to depend on the doses of radiotherapy and possibly chemotherapy used in treatment, the length of follow-up, and whether all second tumours are considered or, for instance, only those developing outside the field of radiation.
The largest reported series of patients is that from Columbia Presbyterian Medical Center, New York, which has been analysed in a number of papers by Abramson et al. (1976 Abramson et al. ( , 1984 , Jensen and Miller (1971) , Sagarman et al. (1969) and Kitchin and Ellsworth (1974) . In one of these papers the series was analysed jointly with that from the American Forces Institute of Pathology (Abramson et al., 1976 ) giving a total of 2300 cases, though it appears that there is some duplication of patients between the two series and that the true total is less than this. The spectrum of histological types of second primary tumours in these papers is similar to that described in the present paper. Other points of similarity are the findings that nearly all the second primary tumours occur among the bilateral cases and that many of these tumours occur outside the radiation field and some among non-irradiated cases. Abramson et al. (1976) suggested that in retinoblastoma patients the incidence of osteosarcoma of the femur, the most common site of occurrence of second tumours outside the field of radiation, is 500 times that for the general population; this is consistent with our results. In further papers on this series of patients, Abramson and his colleagues have presented data on the incidence of second primary tumours in nonirradiated patients, in patients given bilateral irradiation, and in patients given at least two courses of external beam radiotherapy.
Most recently, using actuarial methods of analysis, they have calculated the incidence of second tumours in patient with genetic retinoblastoma to be 20% after ten years survival and 90% after 30 years survival (Abramson et al., 1984) . The including second tumours of all types and sites, they found that the incidence of second tumours during an average further follow-up of seven years was 60 times as large as would be expected from population rates for malignant neoplasms, the rate for bone tumours being 1000 times the population rate.
Cyclophosphamide and the induction of second primary tumours It is well known that treatment by alkylating agents may cause subsequent cancers. In particular, cyclophosophamide causes bladder cancer, probably acute non-lymphocytic leukaemia and possibly squamous cell carcinoma of the skin (International Agency for Research on Cancer, 1981; Schmahl et al., 1982) . There are also case reports of a variety of other tumours following the use of this drug. In many of these reports the evidence is difficult to evaluate since cyclophosphamide is often used in combination with other cytotoxic drugs.
The analyses in the present paper, though based on rather small numbers, suggest the possibility that cyclophosphamide may be responsible for the induction of second tumours in retinoblastoma patients. Patients given cyclophosphamide were, however, also more likely to have received radioactive implants or multiple courses of radiotherapy, so it is possible that the risk apparently associated with cyclophosphamide may in fact be attributable to the radiotherapy given at the same time. White et al. (1985) have published a report of a child treated for unilateral retinoblastoma with radiation and drugs which included cyclophosphamide and who developed acute non-lymphocytic leukaemia five years later. There appear to be no other published reports directly relating to the possible role of any form of chemotherapy in the induction of second tumours among retinoblastoma patients.
Among a group of 42 children treated conservatively for retinoblastoma, Francois (1977b) reported four who developed second malignant neoplasms: three osteosarcomas and one leukaemia. These four children had all received cyclophosphamide as part of their initial treatment (personal communication).
Osteosarcomas have been reported following chemotherapy, which included cyclophosphamide, used for the treatment of Ewing's tumour (Strong et al., 1979) .
It is possible that patients carrying the retinoblastoma gene are particularly susceptible to the carcinogenic effects both of radiation and cyclophosphamide. From our data it is not possible to say whether the increased risk, if any, extends to other drugs since no other drug has been extensively used in Britain in the treatment of retinoblastoma.
There appears to be no published evidence that chemotherapy is of benefit other than palliative in the treatment of retinoblastoma. In view of the findings presented in this paper it is essential that other sets of data should be analysed to determine whether or not there is an increased risk of second tumours associated with the use of chemotherapy so that the possible hazards, if any, can be taken into account in planning treatment protocols.
